Splicing of mRNA precursors can occur cotranscriptionally and it has been proposed that chromatin structure influences splice site recognition and regulation. Here we have systematically explored potential links between nucleosome positioning and alternative splicing regulation upon progesterone stimulation of breast cancer cells. We confirm preferential nucleosome positioning in exons and report four distinct profiles of nucleosome density around alternatively spliced exons, with RNA polymerase II accumulation closely following nucleosome positioning. Hormone stimulation induces switches between profile classes, correlating with a subset of alternative splicing changes. Hormone-induced exon inclusion often correlates with higher nucleosome occupancy at the exon or the preceding intronic region and with higher RNA polymerase II accumulation. In contrast, exons skipped upon hormone stimulation display low nucleosome densities even before hormone treatment, suggesting that chromatin structure primes alternative splicing regulation. Skipped exons frequently harbor binding sites for hnRNP AB, a hormone-induced splicing regulator whose knock down prevents some hormone-induced skipping events. Collectively, our results argue that a variety of chromatin architecture mechanisms can influence alternative splicing decisions.
INTRODUCTION
Eukaryotic genomes are tightly packaged inside the nucleus in the form of chromatin nucleoprotein complexes that modulate the access of the DNA to replication, recombination, and transcription factors and therefore play an important role in the regulation of gene duplication, stability, and expression (for review, see Ballaré et al. 2013b; Becker and Workman 2013; Bartholomew 2014) . The primary unit of chromatin is the nucleosome, composed of an octamer of four different histone proteins around which ∼147 bp of DNA are wrapped (Luger et al. 1997 (Luger et al. , 2012 . Histones are small, globular proteins characterized by an unstructured tail protruding outside of the nucleosome core, which can be post-transcriptionally modified in a highly dynamic manner (for review, see Kouzarides 2007) . The state of these modifications is essential to regulate chromosome compaction, transcription, and gene silencing.
The affinity of DNA for histone octamers is influenced by its primary sequence, which is therefore an important determinant of nucleosome positioning along the genome (Segal et al. 2006; Kaplan et al. 2010) . Nevertheless, nucleosome positioning is highly dynamic and its regulation is crucial to control chromatin accessibility and recruitment of chromatin modifiers and transcription factors (Ballaré et al. 2013b; Becker and Workman 2013; Bartholomew 2014) . Genomewide studies correlated chromatin structure with the exonintron organization of the genes and argued that nucleosomes are preferentially positioned in exons compared with introns in a variety of species, from worms to humans (Andersson et al. 2009; Nahkuri et al. 2009; Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009 ). While the pattern of nucleosome occupancy at the transcription initiation and termination sites (TSS and TTS, respectively) is tightly connected with gene expression levels, nucleosome positioning over internal exons seems independent of transcription changes and levels of expression of the gene (Tilgner et al. 2009 ). Because exons with weak splice sites display stronger nucleosome densities, it has been argued that nucleosome positioning in exons facilitates exon recognition (Schwartz et al. 2009; Tilgner et al. 2009 ).
At least 90% of human genes are alternatively spliced (Pan et al. 2008; Wang and Burge 2008) , either in a cell type-specific manner or in response to different stimuli. Defects in alternative splicing regulation are linked to different diseases (for review, see Singh and Cooper 2012) . Therefore intron removal needs to be both precise and plastic and thus is tightly controlled at multiple levels. In addition to the assembly of core components of the spliceosome on splice site signals, additional factors bind to intronic and exonic sequences of the pre-mRNA to regulate the inclusion of specific exons (for review, see Wang and Burge 2008; Chen and Manley 2009; Braunschweig et al. 2013) . The interplay between these sequence elements and their binding factors is the main determinant of alternative splicing outcome (Barash et al. 2010) . Nonetheless, intron removal happens in large part cotranscriptionally (Khodor et al. 2011 (Khodor et al. , 2012 Tilgner et al. 2012) , and thus chromatin structure and transcription dynamics can also be involved in the regulation of exon inclusion (for review, see Luco et al. 2011; Iannone and Valcárcel 2013; Zhou et al. 2014) .
RNA polymerase II kinetics can be a determinant of the regulation of specific alternatively spliced exons. Slow elongation rates can favor inclusion of exons with weak splice sites by providing them with a kinetic advantage over competing downstream sites (de la Mata et al. 2003 (de la Mata et al. , 2010 . Moreover, the carboxy-terminal-domain (CTD) of RNA polymerase II interacts with different RNA processing factors at transcription loci and can help to recruit them to nascent transcripts (McCracken et al. 1997; Bird et al. 2004 ). Furthermore, histone modifications can serve as a landing platform for "adaptor" proteins that recruit splicing factors (Luco et al. 2010; Saint-Andre et al. 2011) or indirectly impact splicing outcomes by modulating Pol II elongation rate through changes of level of compaction of chromatin (Schor et al. 2009 ).
It has been proposed that nucleosome positioning over alternative exons regulates RNA polymerase II processivity and consequently exon inclusion (Schwartz et al. 2009 ), but the general effect of nucleosome density on alternative splicing regulation has not been investigated systematically. We have explored this issue by analyzing parallel changes in nucleosome positioning and alternative splicing induced by progesterone. Progesterone is a steroid hormone that can traverse the cell membrane and activate its nuclear receptors (PRs), which act as ligand-inducible transcription factors (Beato 1996) . A small fraction of PRs is also bound to the plasma membrane, where upon ligand binding activates signaling cascades. This was initially known as the "nongenomic" pathway; however, recent studies revealed an intense cross-talk between kinase cascades and the transcriptional functions of PRs (Lange 2004; Vicent et al. 2006) . Upon binding of the hormone to its C-terminal domain, progesterone receptor (PR) gets activated, binds to its DNA target sequences (hormone responsive elements, HREs) and modulates gene expression by recruiting a plethora of coregulators, among which chromatin modifiers that remodel nucleosome organization (Beato and Klug 2000) .
As for other transcription factors, PR binding is strongly influenced by nucleosome density and chromatin compaction. PRs are thought to bind preferentially to HREs exposed in nucleosome-depleted chromatin regions, in which "pioneer factors" such as AP1 and FOXA1 are already bound (Carroll et al. 2005; Hurtado et al. 2011; John et al. 2011) . A recent genome-wide analysis of global correlations between PR binding and chromatin dynamics induced by hormones in breast cancer cells (Ballaré et al. 2013a ) revealed that PR binds preferentially to HREs that are at the same time enriched in nucleosomes prior to hormone induction and marked by DNAse I hypersensitive sites (DHS). Upon PR binding, nucleosomes get remodeled (but not evicted) and activation of gene expression begins (Ballaré et al. 2013a) .
Our results confirm the higher density of nucleosomes associated with exons and its general decrease upon hormone stimulation. Four different classes of nucleosome density profiles that correlate with the distribution of GC content and that show a strong correlation with RNA polymerase II accumulation are observed. Particular switches between nucleosome profile classes are correlated with hormone-induced alternative splicing changes: High nucleosome density 5 ′ of alternative exons is associated with increased exon inclusion, while increased exon skipping is typically associated with low nucleosome densities even before hormone treatment. Exon skipping can be assisted by hormone induction of the splicing regulatory factor hnRNP AB. Our results suggest that changes in nucleosome positioning can influence alternative splicing decisions by a variety of mechanisms not limited to influencing RNA polymerase II dynamics.
RESULTS
Progesterone-induced alternative splicing changes are largely independent of transcriptional changes T47D-MMTVluc cells are breast cancer cells containing a single copy of the Mouse Mammary Tumor Virus promoter fused to a luciferase reporter. These cells are frequently used to study progesterone-induced transcriptional regulation (Truss et al. 1995) . Cells were treated with 10 nM of the synthetic progestin R5020, total RNA was extracted 6 h after treatment (R6) or from untreated cells (T0) and highthroughput Solexa RNA-sequencing was carried out using single-end reads (190-200 million reads/sample, see Materials and Methods). To identify alternative exons regulated by R5020, we analyzed RNA-seq data using the mixture of isoform probabilistic model (MISO) (Katz et al. 2010 ) (see also Materials and Methods) focusing on internal cassette exons. We identified 247 R5020-regulated alternative exon cassettes that showed changes in percent spliced in index (ΔPSI) >15%, corresponding to 239 genes (Supplemental Table  S1 ). Semiquantitative PCR analysis confirmed the alternative splicing changes in five out of seven events analyzed (Supplemental Fig. S1 ). Progesterone treatment was associated with a similar number of higher inclusion events (124 exons, henceforth "R5020-included" exons), which on average display a change in PSI from 0.32 to 0.53, and higher skipping events (123 exons, henceforth "R5020-skipped" exons), which on average change PSI from 0.61 to 0.35 (Fig. 1A) . Of these, 34 R5020-included exons and 39 R5020-skipped exons showed ΔPSI of >25%.
It has been previously reported that R5020 treatment modulates transcription of 3835 genes (Ballaré et al. 2013a ). However, the majority of R5020-regulated cassette exons occur in genes that are not transcriptionally regulated by the hormone, as determined by global microarray analysis and RNA-seq data (Ballaré et al. 2013a) : 74% for genes with included exons, and 73.7% for genes with skipped exons (Fig. 1B) . A similar proportion of transcriptional changes was observed for genes that do not display splicing changes, 76% of which do not experience gene expression changes upon hormone induction. Among the genes displaying changes in both gene expression and alternative splicing, a preference was observed for included exons to be more frequent in down-regulated genes and for skipped exons to be more frequent in up-regulated genes, possibly related to differences in transcriptional elongation (Fig. 1B) . Gene ontology analysis using GOrilla software (http://cblgorilla.cs.technion.ac.il/) argued that genes displaying alternative splicing changes belong to functional categories distinct from those displaying hormone-induced transcriptional changes (Fig. 1D,E) . This is in line with previous observations in a variety of systems suggesting that gene expression and alternative splicing coordinate different layers of cellular function (Pan et al. 2004) . Neither RNA processing nor RNA binding proteins were among the GO categories enriched in regulated genes or alternative splicing events.
Previous ChIP-seq results identified over 25,000 DNA progesterone receptor (PR) binding sites in the genome, occupied at different time points after R5020 treatment. Progesterone-modulated genes show enrichment in PR binding sites compared with nonregulated genes, some of which nevertheless also show PR binding upon hormone stimulation. To assess whether PR binding could influence alternative splicing regulation, we searched for PR binding sites around R5020-regulated cassette exons. Less than 3% of the regulated exons had a ChIP-seq signal in a window of 3000 bp flanking the alternative exon (data not shown). Around 40% of genes containing regulated exons display PR binding sites anywhere in the gene body or within 3000 bp upstream of the TSS, at any of the analyzed time points (Fig. 1C) . While PR binding site densities increase in genes transcriptionally regulated by R5020, these increases do not correlate with the presence of R5020-regulated exons. We conclude that PR binding is unlikely to substantially contribute to progesterone-induced changes in alternative splicing.
Nucleosome occupancy and RNA polymerase II dynamics in alternatively spliced genomic regions To correlate genome-wide, high-resolution maps of nucleosome density with alternative splicing changes, we analyzed data obtained by sequencing mononucleosomes generated by MNase digestion of chromatin in permeabilized T47D-MMTVluc cells untreated or treated with R5020 for 60 min (Ballaré et al. 2013a) . We first analyzed the distribution of nucleosome density over all internal exons. In agreement with previous reports (Andersson et al. 2009; Nahkuri et al. 2009; Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009 ), an obvious peak of nucleosome density centered on the exon and surrounded by regions of lower density in the flanking introns was observed ( Fig. 2A ). This enrichment was detected both in control cells and in cells treated with R5020, but a clear decrease in the exonic nucleosome peak was observed upon hormone treatment, concomitant with a slight increase in nucleosome density in the flanking intronic regions ( Fig. 2A ). These patterns of nucleosome occupancy and changes upon hormone induction were generally observed regardless of the extent of inclusion (PSI) of the exons (Supplemental Fig. S2 ). These results indicate that hormone treatment decreases nucleosome positioning in exons, which could, in principle, contribute to reduced exon recognition and hormone-induced exon skipping.
To evaluate whether nucleosome occupancy changes can be correlated with alternative splicing regulation, we investigated nucleosome occupancy of R5020-regulated exon cassettes and of their flanking exons in treated and untreated samples (Fig. 2B,C) . Both R5020-included and R5020-skipped exon cassettes display higher nucleosome occupancy on exonic regions compared with flanking introns in the absence of hormone treatment, although the peak of R5020-skipped exons is distinctly lower than those of the flanking exons. This indicates that hormone-induced skipped exons have distinctive features (relatively lower nucleosome peaks compared with their flanking introns than the rest of the exons) even before hormone treatment. This suggests that hormone treatment tends to weaken the recognition of exonic regions that do not harbor well-positioned nucleosomes. Upon hormone treatment, nucleosome peaks are generally reduced, except the peak of the alternative skipped exons, which is not reduced further. Similar patterns were observed for exons displaying splicing changes in genes whose expression was not altered by hormone treatment (Fig. 2D ,E), and for regulated exons displaying inclusion or skipping changes higher than twofold (33 skipped exons and 42 included exons) (Fig. 2F ,G) or displaying ΔPSI >25% (39 skipped exons and 34 included exons) (Fig. 2H,I ). Of relevance, exons that display inclusion changes higher than twofold have relatively low inclusion ratios in the absence of hormone (0.16 on average, increasing to an average of 0.4 upon hormone treatment). This indicates that these exons have a clear nucleosome peak despite showing low basal levels of exon inclusion and, indeed, exons with low PSI display high nucleosome peaks (Supplemental Fig. S2 ). Conversely, strongly R5020-skipped exons, which have an average basal exon inclusion ratio of 0.40 (reduced to 0.15 upon hormone treatment), display low nucleosome occupancy both in the absence or presence of hormone, suggesting that these exons display intrinsic features associated with low nucleosome density. Similar observations apply also to exons whose ΔPSI >0.25. Collectively, the results of Figure 2 suggest that particular profiles of nucleosome occupancy around alternatively spliced exons could influence their regulation.
Transcribing RNA polymerase II pauses at nucleosomes (Churchman and Weissman 2011; Kwak et al. 2013 ) and at the 3 ′ end of introns (Churchman and Weissman 2011; Kwak et al. 2013 ) and its kinetics have been associated with alternative splicing regulation (de la Mata et al. 2003 Mata et al. , 2010 Dujardin et al. 2014) . Nucleosome positioning has been proposed to represent a barrier for RNA polymerase II progression, leading to reduced elongation rates that can provide more extensive opportunities to facilitate exon recognition by polymerase-associated splicing factors (Schwartz et al. 2009 ). In contrast, our results reveal decreased nucleosome density upon R5020-induced exon inclusion, and low densities with or without hormone in exons with induced skipping. In fact, skipped exons display a particularly pronounced peak of low nucleosome density in the 3 ′ splice site region before the exon (Fig. 2C) .
To investigate RNA polymerase II dynamics in response to hormone induction along regulated exons, we carried out total Pol II ChIP-seq in T47D-MMTVluc cells, either treated for 60 min with 10 nM R5020 or mock treated with the ethanol carrier. The meta-profile of the ChIP-seq signal shows, as expected, accumulation of RNA polymerase II on transcription start sites (TSS) and low signals in the gene body in both conditions (Supplemental Fig. S3 ). We investigated RNA polymerase II accumulation over R5020-regulated exons and their upstream introns partitioned in segments (bins) of 150 bp, and the same regions of the corresponding downstream constitutive exons as control (Supplemental Table S3 ). While RNA polymerase II signals tend to accumulate in exonic regions compared with upstream intronic regions (Fig. 3 ) a similar tendency is observed when sequences from the input material are analyzed (Supplemental Fig.  S4 ), consistent with a sequencing bias caused by differences in mappability between exon and intron sequences due to their divergent GC content, as previously reported by Schwartz et al. (2011) . Nevertheless, hormone treatment increases RNA polymerase II accumulation in R5020-included exons (P-value = 0.0056) (Fig. 3A) , compatible with the possibility that further accumulation of RNA polymerase II upon hormone treatment facilitates recognition and inclusion of these exons. A similar (albeit less significant) increase in RNA polymerase II accumulation is also observed in exons downstream from R5020-skipped exons. The possible functional significance of the latter observation is unclear.
Classification of alternative exons according to their nucleosome profiles
The pattern of nucleosome occupancy over internal exons has been so far described as a single sharp peak standing out on exons compared with the flanking introns (Andersson et al. 2009; Nahkuri et al. 2009; Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009 by averaging the profile of nucleosomes across all exons, possibly masking distinct profile categories associated with particular subclasses of exons. We analyzed the MNase-seq nucleosome data of T47D-MMTVluc untreated cells corresponding to all cassette exons whose expression was detectable using the MISO annotation. We subsequently classified them into four different categories according to their profile of nucleosome occupancy using K-means clustering (see Materials and Methods) (Fig. 4A) . While all the categories display a clear nucleosome peak in the exon, distinct features were also identified (Fig. 4A) . Cluster A corresponds to the most populated class (45% of analyzed exons), and is characterized by a relatively low peak of nucleosome density centered on the alternative exon. The remaining exons are similarly distributed among three other categories (B = 18.6%, C = 18.4%, and D = 17.9%) (Fig. 4C) . Two clusters show higher nucleosome density either in the upstream intron (cluster B) or downstream intron (cluster C) relative to the cassette alternative exon. Cluster D exons are characterized by a strongly positioned exonic nucleosome.
To evaluate the possible impact of these nucleosome profile classes on exon inclusion, we selected the alternative exons with the 5% lowest and highest inclusion level in untreated cells and analyzed their distribution in the four clusters. The distribution of exons in the different categories was essentially maintained, with cluster B (harboring a nucleosome peak before the exon) only slightly more frequent among the least included exons, and the most included exons displaying a slightly increased fraction in cluster A (Fig. 4C-E) . Analysis of splice site strengths showed that exons classified under cluster D (strongly positioned nucleosome in the exon) are usually associated with weaker 3 ′ and 5 ′ splice sites (Fig. 4F ), in agreement with previous reports that correlated higher nucleosome occupancy with weaker splice sites (Tilgner et al. 2009 ). We found that cluster B exons, characterized by high nucleosome occupancy upstream of the exon, are associated with weaker 3 ′ splice sites but not with weaker 5
′ splice sites, suggesting a role for nucleosome positioning upstream of the exon in 3 ′ splice site recognition (data not shown). The analogous correlation was not found for cluster C exons (harboring a nucleosome downstream from the exon) and weaker 5 ′ splice sites (data not shown). While there is no difference in average exon length, cluster D exons (marked by strongly positioned nucleosomes) are associated with longer flanking introns (Fig. 4G) . Clusters B and C are not enriched in exons with short introns (Fig.  4G) , arguing against the possibility that upstream/downstream nucleosome accumulation was caused by peaks associated with other exons nearby.
DNA sequence is a strong determinant of nucleosome positioning (Kaplan et al. 2010) , and exons show a different GC composition compared with introns (Schwartz et al. 2009 ). We analyzed the average GC content distribution in the four different clusters and found a clear correspondence between peaks of high GC content and nucleosome occupancy. In fact, the distribution of GC content of each cluster mimics the corresponding nucleosome occupancy profiles, pointing to the DNA sequence as a contributor to nucleosome distribution (Fig. 4H) .
Changes in nucleosome profiling associated with alternative splicing regulation Next we analyzed whether hormone treatment was accompanied by changes in nucleosome profile that would represent switches between cluster classes. For this we compared the MNase-seq data obtained from control cells and from R5020-induced T47D-MMTVluc cells and clustered the alternatively spliced exons according to their nucleosome profiles. The same four main patterns of nucleosome occupancy were identified upon hormone treatment (Fig. 4B) , although the peaks were less sharp, as expected from the generally less dense nucleosome profiles observed in all the exons ( Fig. 2A) .
Even though the classification of exons in different nucleosome occupancy patterns appears to be affected by GC content distribution (Fig. 4H) Alternative splicing and nucleosome positioning www.rnajournal.org 365 switch the nucleosome profile class upon hormone treatment, indicative of active modulation of nucleosome occupancy (Fig. 5A ). The proportion is higher for R5020-included exons than for R5020-skipped exons, suggesting that nucleosome remodeling could play a more important role in the regulation of exon inclusion than of exon skipping. No significant difference in splice site strength was observed between exons that change cluster and those that do not. The proportion of exons from each class changing their profile ranged between 20% and 29% (Fig. 5B) . Globally, the number of exons in the more populated A class are slightly reduced, while the number of exons in clusters C and D increase slightly (Fig. 5C ). R5020-included exons generally increase in classes B, C, and D (all of them harboring strongly positioned nucleosomes), while they decrease in class A (harboring low nucleosome peaks) (Fig. 5B,D) , once again suggesting that nucleosome positioning could influence hormone-induced exon inclusion. In contrast, R5020-skipped exons increase in A and D and decrease in B and C (Fig.  5B,E) .
We next focused our analysis on those exons undergoing nucleosome profile changes upon R5020 treatment, analyzing the frequency of class transitions that correlate with hormone-induced alternative splicing changes. Figure 5 , F and G, summarizes the relative frequency of transitions associated with alternatively spliced exons, the class switches particularly enriched in R5020-included or -skipped exons being labeled by black dots. The majority of R5020-included exons switch from cluster A (poorly positioned nucleosomes) to C or D (strongly positioned nucleosome on the exon or downstream from it), suggesting that increased nucleosome positioning could facilitate alternative exon recognition. Figure  5H shows an example of this. Regarding R5020-skipped exons, favored shifts are from C to D/A, and from B to C/A, i.e., from strongly positioned nucleosomes upstream of or (14) 16.5
18 (17) 21 (20) 16 ( ′ after R5020 induction. R5020-skipped exon in the gene AGBL5, switches from cluster B in uninduced (T0) cells to cluster C 60 ′ after R5020 induction.
downstream from the alternative exon to other categories. Figure 5I shows an example of such transition. Interestingly, R5020-skipped exons were rarely associated with nucleosome positioning upstream of the alternative exon after hormone treatment. This and the results of Figure 2F are consistent with nucleosome positioning upstream of the alternative exon contributing to exon recognition. The picture is however complex, because examples of transitions to a wellpositioned exonic nucleosome (cluster D) are observed for all regulated exons, regardless of the inclusion/skipping outcome.
Next we analyzed profiles of RNA polymerase II accumulation along R5020-included and -skipped exons, classified according to their nucleosome occupancy profiles before and after hormone induction. RNA polymerase II accumulation follows quite closely the profiles of nucleosome density, with polymerase peaks in the areas of higher nucleosome occupancy (Fig. 6 ). The correlation is particularly clear in exons with strongly positioned nucleosomes upstream (cluster B) or on the alternative exon (cluster D). RNA polymerase II accumulation is observed in these cases, however, regardless of the splicing regulation outcome. A peak of RNA polymerase II accumulation is particularly noticeable in R5020-included exons belonging to cluster C (Fig. 6D ). As these regions harbor a nucleosome in the region downstream from the exon, upstream accumulation of RNA polymerase II may contribute to higher exon recognition. Of relevance for the previous discussion on exon sequence mappability (Schwartz et al. 2011) , no clear correlation was observed between RNA polymerase II accumulation and GC content in different categories of exon clusters (Fig. 6E-H) .
Possible regulation of hormone-induced exon skipping by hnRNPAB
Taken together, our findings suggest that R5020-included exons may be more influenced by hormone-dependent nucleosome remodeling than skipped exons. To better understand the mechanisms behind hormone-induced exon skipping, we analyzed whether hormone induction leads to changes in the expression of splicing regulators. Several genes encoding splicing regulators, core splicing factors as well as splicing-related chromatin remodeling factors were found to be up-or down-regulated upon hormone treatment (Fig. 7A ). We were particularly interested in HnRNP AB, whose expression was found increased two-to 2.5-fold 6 h after hormone treatment ( Fig. 7D) , particularly because sequence motif analysis using the predicted binding sequence for hnRNP AB (Ray et al. 2013 ) revealed a clear, statistically significant enrichment of the motif in the region 150 bp upstream of R5020-skipped exons (Fig. 7B) . Moreover, the gene contained a clear peak of PR binding after hormone treatment (Fig. 7C) . These observations, together with the involvement of hnRNP AB in splicing regulation (Fomenkov et al. 2003 ) (see also Discussion), suggest that hnRNP AB overexpression upon hormone treatment could contribute to hormone-induced exon skipping. Consistent with this idea, knock down of hnRNP AB (Fig.  7D ) attenuated two tested hormone-induced exon skipping events corresponding to alternative spliced regions harboring predicted hnRNP AB binding sites (Fig. 7E) .
DISCUSSION
In this work, we aimed to test the hypothesis that nucleosome positioning influences alternative exon recognition. We compared detailed maps of nucleosome density before and after progesterone induction with changes in alternative splicing induced by the hormone. This is a relevant system to address this question because progesterone is known to have profound effects on chromatin architecture (Beato and Klug 2000) . The key roles that progesterone plays in development and tissue homeostasis, together with the links between elevated progesterone levels and mammary carcinogenesis (Brisken 2013) , make a detailed understanding of the molecular mechanisms behind hormone-induced transcription and splicing changes an issue of significant biological and medical interest. We found 247 alternative splicing changes induced by progesterone stimulation, affecting genes with biological functions distinct from those associated with hormone-induced transcriptional changes, thus offering novel information about another layer of gene expression modulation by the hormone.
Regulation of alternative splicing of mRNA precursors relies upon the combinatorial effects of RNA motifs in the pre- mRNA and the activities of their cognate trans-acting factors (Smith and Valcárcel 2000; Wang and Burge 2008; Chen and Manley 2009; Braunschweig et al. 2013) . It has also become clear in recent years that chromatin architecture reflects the gene intron-exon structure (Andersson et al. 2009; Nahkuri et al. 2009; Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009 ) and that chromatin structure and transcriptional dynamics play important roles in alternative splicing regulation (for review, see Luco et al. 2011; Iannone and Valcárcel 2013; Zhou et al. 2014) . While it has been reported that enrichment of specific histone modifications modulates alternative splicing regulation of some exon cassettes (Luco et al. 2010; Saint-Andre et al. 2011) , it remained unclear whether nucleosome positioning can by itself influence exon inclusion. A straightforward model is that nucleosome density regulates exon inclusion by either acting as "speed bump" for elongating RNA polymerase and its associated splicing factors, or by acting as a "recruiting platform" for splicing regulators. In this model, increased nucleosome density at exons is associated with higher levels of exon inclusion, while decreased nucleosome occupancy is generally associated with exon skipping (de la Mata et al. 2003 (de la Mata et al. , 2010 , although more complex scenarios have been documented (Dujardin et al. 2014) . Some of our results are consistent with this standard model, but other data suggest the operation of a more diverse range of effects and mechanisms. Also, it seems unlikely that every hormone-induced alternative splicing event is influenced by chromatin structure. In this regard, expression of a number of splicing factors and regulators, including hnRNP AB, is affected by progesterone stimulation, and this can also contribute to the observed changes in alternative splicing. We confirmed that internal exons display, on average, higher nucleosome density than their flanking introns. A more detailed analysis revealed four main distinct classes of nucleosome profiles in internal expressed cassette exons, which closely follow the distribution of GC content in these regions. The most frequent class is characterized by a small peak of nucleosome density at exons compared with the flanking introns, a profile shared by another major class displaying much more pronounced exonic peak, which correspond to exons frequently associated with weaker splice sites and longer flanking introns, consistent with previous findings (Tilgner et al. 2009 ). The remaining two classes show also an exonic peak but display an additional higher density peak upstream or downstream from the exon. An overall correlation was observed in the different classes between nucleosome positioning and RNA polymerase II accumulation at (or 5 ′ of) the region of higher nucleosome density, which is of potential relevance considering the link between the dynamics of RNA polymerase II transcription and alternative splicing decisions discussed above. Exons whose inclusion is increased upon progesterone treatment undergo more nucleosome changes and seem also to be more influenced by RNA polymerase II dynamics than exons that increase skipping. For example, R5020-included exons tend to increase RNA polymerase II occupancy upon hormone treatment (Figs. 3A, 6D ) and the majority of the class transitions associated with these exons involve increased nucleosome density at-or 3 ′ of-the exon (Fig. 5F ), consistent with the standard model. Another clear association is observed between nucleosome positioning upstream of alternative exons and increased exon inclusion. It is conceivable that accumulation of RNA polymerase II in a region 5
′ of the alternative exon provides more time for the loading of splicing factors that can facilitate exon recognition once the polymerase is released from the region of higher nucleosome density. Altering RNA polymerase II dynamics could also influence the timing at which exons are processed, affecting the ratio of co-versus post-transcriptional processing and consequently the concentration/ range of regulators to which the primary transcripts are exposed (Vargas et al. 2011) . Conversely, it is conceivable that changes in cotranscriptional splicing can also influence nucleosome occupancy, similar to the effects of splicing and RNA-binding proteins on epigenetic modifications (de Almeida et al. 2011; Zhou et al. 2011; de Almeida and Carmo-Fonseca 2014) .
In contrast, exons that are more skipped upon progesterone treatment display weaker nucleosome densities and lower RNA polymerase II accumulation after-and in some cases even before-hormone treatment. This suggests that (the absence of) chromatin architecture somehow primes these exons for hormone-induced skipping. It is conceivable that lower nucleosome density leads to a state of high RNA polymerase II processivity in which nonchromatin regulatory effects can easily lead to inhibition of splice site recognition. We found that hormone stimulation induces higher expression of the splicing factor hnRNP AB. This protein, also known as APOBEC1-binding protein 1 (ABBP-1) has been involved in RNA editing of Apolipoprotein B mRNA transcripts (Lau et al. 1997) and in alternative splicing regulation of the FGFR2 gene, the latter through interactions with the carboxy-terminal region of p63, of relevance for the ankyloblepharon-ectodermal dysplasia-clefting (AEC) syndrome (Fomenkov et al. 2003) . Consistent with a role for this factor in splicing regulation and the frequent function of hnRNP proteins in exon skipping (for review, see Martinez-Contreras et al. 2007), hnRNP AB binding sites are clearly enriched in the region upstream of R5020-skipped exons. Upon hnRNP AB knock down, hormone-induced exon skipping in the genes DMTF1 and TCERG1 is attenuated, consistent with the hypothesis that hormone-induced expression of hnRNP AB contributes to regulation of at least some exons harboring upstream hnRNP AB binding sites.
We propose that hormone-induced changes in nucleosome positioning influence splice site recognition, partly through changes in RNA polymerase II dynamics and contribute, together with other factors and mechanisms, to the regulation of alternative splicing by a steroid hormone.
MATERIALS AND METHODS
Cell culture and hormone treatments T47D-MTVL human breast cancer cells, carrying one stably integrated copy of the luciferase reporter gene driven by the MMTV promoter (Truss et al. 1995) , were routinely grown as described (Beato and Vicent 2011) . Cells were plated in RPMI medium without phenol red, supplemented with 10% dextran-coated charcoaltreated fetal bovine serum (FBS). After 48 h, the medium was replaced by fresh medium without serum. After 24 h in serum-free conditions, cells were incubated with 10 nM R5020 or EtOH for different times at 37°C. For RNAi experiments, T47D cells were plated the day before transfection at 250 × 10 3 cells per well in six-well plates with RPMI medium without phenol red, and transfected with two rounds of 100 nM of scrambled or HnrnpAB siRNA Oligonucleotides (Dharmacon) using Lipofectamine RNAiMAX (Invitrogen). Hormone induction was then performed as previously described.
RT-PCR, capillary electrophoresis, and gel quantification
Total RNA was extracted from T47D-MMTVluc cells untreated or treated as described in Cell Culture and Hormone Treatments, using Maxwell 16 LEV simplyRNA Tissue Kit (Promega) following manufacturer's instructions. Five hundred nanograms of total mRNAs were reverse-transcribed using super script III retro transcriptase (Invitrogen, Life Technologies) following the manufacturer's recommendations. PCR reactions for every splicing event to validate were carried out with GOTaq DNA polymerase kit (GoTaq, Promega) following the manufacturer's recommendations, in a final reaction volume of 30 µL, including 1 µL of cDNA and forward and reverse primers in exonic sequences flanking the alternatively spliced region of interest (0.5 µM final concentration, Sigma). PCR protocols were set up for 96-well plates and performed in a Zephyr compact liquid handling workstation (Caliper, PerkinElmer). Primers used in this study are listed in Supplemental Table S2 . High-throughput capillary electrophoresis measurements for the different splicing isoforms were performed in 96-well format in a Labchip GX Caliper workstation (Caliper, PerkinElmer) using a HT DNA High Sensitivity LabChip chip (PerkinElmer). Data values were obtained using the Labchip GX software analysis tool (version 3.0). PCR products were run in 6% acrylamide gels, and relative amount of inclusion and skipping bands were quantified with ImageJ.
RNA-sequencing
RNA-seq paired-end reads were mapped using GEM RNA Mapping Pipeline (v1.7) using last Gencode Annotation version 18, as follows:
1. Reads were mapped to genome reference index (including chromosome 1 to X) with maximum mismatch ratio of 0.06 and base quality threshold of 26. 2. Reads were mapped to a transcriptome index generated from previous reference index using the same options as step 1. 3. De novo transcriptome index were created and the reads mapped again to this index using maximum mismatch ratio of 0.04, minimum split size of 15 bp and maximum of 500,000 bp.
4. Reads were mapped again to de novo transcriptome index created using the same options as step 1. 5. The created mappings and pair alignments were merged using base quality threshold of 26 and maximum insertion size of 500,000 bp.
As a result, BAM alignment files were obtained and used to generate genome-wide normalized profiles using RSeQC software. Exon quantifications (summarized per-genes) were used for expression level determination, either as raw read counts or as reads per kilobase per million mapped reads (RPKM) using Flux Capacitor (http://liorpachter.wordpress.com/tag/flux-capacitor/).
Detecting hormone-dependent alternate splicing exons
Isoform expression and differentially spliced cassette exons in the T60 ′ post-treatment samples versus the untreated (T0) samples were determined with the MISO pipeline (Katz et al. 2010 ) using the "skipped exon" event type option. Briefly, PSI ("percentspliced-in") values were estimated for each of the three timepoints using the MISO-provided reference exon-centric annotation (hg19 v1.0). Next a list of high confidence differentially expressed cassette exons for the comparison (T60 ′ versus T0) was compiled by applying the following filters:
1. An absolute difference of PSIs of at least 0.15 (|ΔPSI| > 0.15). 2. At least three reads supporting exon skipping in one of the two conditions. 3. At least 10 reads mapped to the flanking exons in both conditions. 4. A P-value <0.01 for a different mean between the two posterior PSI distributions (two-tailed t-test). 5. Only strictly internal cassette exons events are retained.
PR binding site analysis
RefSeq coordinates (including 3000 bp 5 ′ of the TSS) for genes containing R5020-regulated exons and 243 genes not harboring R5020-regulated exons selected at random, displaying or not transcriptional changes upon R5020 treatment, were intersected with PR ChIP-seq tracks (Ballaré et al. 2013a ) and the percentage of genes containing PR binding sites was subsequently determined for each category.
Chromatin immunoprecipitation
RNA polymerase II-ChIP was carried out as previously described (Paronetto et al. 2010 ) with minor modifications of the protocol. T47D-MMTVluc cells (∼2 × 10 6 cells/sample) were incubated with 1% (vol/vol) formaldehyde in culture medium for 10 min at room temperature. Cells were then washed in cold phosphatebuffered saline (PBS), harvested and lysed to isolate nuclei in a hypotonic buffer containing 5 mM PIPES 8.0, 85 mM KCl, and 0.5% NP-40. Nuclei were then resuspended, lysed in a buffer containing 1% SDS, 10 mM EDTA, and 50 mM Tris/HCl at pH 8.1, and sonicated in 15 mL tubes with Bioruptor UCD-200 Diagenode (ultrasonic wave output power 250 W, 14 × 30 sec) to yield chromatin sizes of 150-400 bp, and 100 μg of DNA/sample were used for Alternative splicing and nucleosome positioning www.rnajournal.org 371 immunoprecipitation with 15 μg of anti-RNA polymerase II clone 4H8 antibodies (Millipore 05-623). Coprecipitated DNA and input DNA were purified and subjected to deep sequencing using the Solexa Genome Analyzer (Illumina). The sequence reads were aligned to the human genome reference (assembly hg19), keeping only sequence tags that mapped uniquely to the genome allowing up to two mismatches. To assess accumulation of RNA polymerase II over exons, reads mapped to alternative exons and downstream exons, including 300 bp downstream from the 5 ′ ss and 750 bp upstream of the 3 ′ ss were downloaded from the UCSC browser and averaged in five consecutive bins of 150 bp in a window of 750 bp 5 ′ of the 3 ′ ss, on the exonic regions and on two consecutive bins of 150 bp 3 ′ of the 5 ′ ss. These values were then normalized to local averages for every exon and its upstream bins. Two-sample t-test was used to determine the associated P-values.
MNase sequence processing
Single-and paired-end Illumina sequencing data from MNase-digested chromatin was obtained from Ballaré et al. (2013a) for T47D-MTVL breast cancer cells untreated or treated for 60 min with R5020. FASTQ files were aligned to the reference human genome GRCh37/hg19 (Lander et al. 2001 ) using BWA (Li et al. 2009 ). At the time of writing, BWA does not fill all BAM fields completely, so "samtools fixmate" was run to fill in information about a paired-end read's mate. Resulting bam files (Li et al. 2009 ) were then processed in the following way using custom software:
1. If 40% or more of a read's quality values were demarked by a "#"
(Illumina 1.8 Phred quality), i.e., unknown quality value at that base, then the read was flagged with the 0 × 200 bit (the read does not pass quality controls), and tagged with ZL:Z:0.40. 2. If the read overlaps with a highly duplicated region (HDR) (Pickrell et al. 2011 ), the read is also flagged with the 0 × 200 bit and tagged with "ZR:Z:HDR." 3. If both the read and its mate's coordinates match one or more pair's coordinates, the read is tagged "ZD:Z:x.y," where in this case x indicates the total number of pairs duplicated, and y represents an index for one of the pairs in question, numbered from 1 to x. 4. If flags and tags are encountered on a read's mate, then they are added to the read. The final BAM file is then indexed using "samtools index." Because no reads are ever removed at any stage, the original FASTQ files can be regenerated from the BAMs.
